Surface roughness is of paramount importance in predicting tactile properties of fabrics. This study aimed at investigating surface roughness and the effect of this property on the abrasion resistance of worsted fabrics. Nine different groups of worsted fabrics were produced. The fabrics had three weave types and three areal densities. A non-contact laser based system was developed to scan the surface of the fabrics. In order to extract the surface roughness profile, a new method of data analysis was presented. Several two dimensional (2D) and three dimensional (3D) roughness parameters were introduced and calculated. Statistical analysis proved that the effect of weave type and weft density was significant on all of the 2D and 3D surface roughness parameters at a confidence range of 95%. However, the 3D parameters provided the surface roughness with just one number in comparison with the 2D ones (warp and weft directions). Therefore, the 3D parameters provided a better indication for the surface roughness which had the effect of both warp and weft directions. Results showed that there was a strong linear correlation between the abrasion resistance and the 3D roughness parameters.
INTRODUCTION
Tactile comfort is of great importance for all garments because of the contact between the fabric and human skin. The tactile comfort is a multidimensional concept which contains several characteristics including compression, friction, flexural rigidity, surface roughness, tensile, shear, and thermal behaviors. Among these, surface roughness plays a major role and is an effective factor [1] [2] [3] .
It was shown that the surface roughness or surface irregularities of fabrics depends on their structural parameters such as weave type, yarn density, materials, yarn spinning system, finishing processes, and surface color [1-2, 4, 5-15] . Therefore, the surface roughness properties of fabrics could provide knowledge on their structural characteristics [12] .
There are various methods of surface roughness evaluations of fabrics which are divided into two main groups; subjective and objective. The former includes evaluating the surface roughness by trained people. Commonly in this group, experts touch the fabrics with their fingers and then predict roughness by using a paired comparison. Subjective evaluation depends on human perceptions and knowledge. Experience of judges has a vital role in this area. Therefore, researchers attempted to measure the surface characteristics of fabrics from a quantitative point of view [4] .
Generally, objective methods work in accordance with the surface profile systems called surface height variation (SHV) trace. This profile indicates height variations in a selected direction [4] . Distinctive techniques presented in this context include method of measurement (contact/non-contact) [1-2, 4-13, 15-27] , as well as studying roughness in relation to the structural or physical properties of fabrics [4, 1-2, 4, 5-15] .
There are some advantages and disadvantages for contact and non-contact groups of measurement methods: (a) all contact methods could interfere with the results by pressing the surface fibers downward due to the existing contact between sensor and the fabric surface. In addition, the data obtained from contact methods could be affected by the type and the physical dimensions of the sensor. Therefore, error could be entered into the data collected from a fabric surface and could lead to a wrong conclusion. (b) Contact methods compared to their non-contact counterparts are more time consuming. As a result, they are not appropriate for on-line, real time detection systems in the manufacturing processes. ones are more easily influenced by environmental conditions such as humidity. These disadvantages have resulted in the vast application of non-contact techniques [4] . Several non-contact technologies have been developed, including laser or optical fiber bundles as well as image analysis and fractal methods [4, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
In regards to the fabric performance, one of the important durability properties is abrasion resistance. In the process of abrasion, the most visible change in the fabric is the drastic appearance deformation of the fabric surface. Amirbayat and Cook in 1989 tried to monitor the change in surface properties during the process of wearing. They used the Multipurpose Fabric Tester. The device could measures the surface properties (roughness and friction coefficient), drape coefficient and bending stiffness of fabrics continuously and only with one sample. Results showed that in the majority of samples, roughness increased during initial wear and never became smoother than the original fabrics as the wear continued. They claimed that the surface roughness had a better characteristic to differentiate between different fabrics compared to the coefficient of friction [16, 28] .
To the authors' knowledge, little is known regarding the various roughness parameters of the worsted fabrics in 2D and 3D approaches and the influence of surface roughness on abrasion resistivity of the worsted fabrics. In the present work, we have developed a highly efficient mathematical method to extract the surface roughness profile of the worsted fabrics from the data gathered by a laser based noncontact scanner system. The surface roughness parameters were not only studied using the 2D approaches but were also studied using the 3D approaches. The effect of surface roughness on structural properties including weave type and weft density were investigated. The influence of surface roughness on the abrasion resistance of the worsted fabric was also studied. It is worth noting that the weave types including Twill 2/2, Twill 3/1 and Hopsack 2/2 were used as representative of the worsted fabrics to elucidate the efficiency of the presented method and the surface roughness parameters.
FABRIC PROFILE PARAMETERS
Any surface is generally composed of three components in accordance with wavelength or frequency. The low, medium and high frequency range variation are called form, waviness and roughness, respectively. Every surface has these three elements together and they are expected to be analyzed separately [4, [29] [30] [31] .
Separation of roughness, waviness, and form from structural analysis is achieved through filtering. The filtering techniques are used to extract roughness, waviness or form profiles from the surface profile. The parameters can then be calculated from each of the extracted profiles. The first filtering techniques were graphical. Graphical techniques were exhausting and time consuming, so electrical filters were soon adopted for surface texture filtering. There are various types of electrical filters, including Gaussian, Gaussian Regression, Rk and Spline filters. Each of them can be utilized effectively in a specific situation [4, [29] [30] [31] .
In addition to filtering, leveling of the measuring device is used to increase the accuracy of results. However, even after careful leveling there might be a small amount of slope which can be a source of error in the results. Therefore, for an accurate analysis, the slope ought to be removed. This can be achieved through different mathematical methods of curve fitting. Figure 1 shows the stages of the data processing of surface profile data and extraction of surface roughness parameters [4, [29] [30] [31] .
There are at least twenty components and parameters for each surface profile. Each of them has its own meaning and has its special applications. Regarding the nature of these parameters, they can be categorized into four groups: amplitude, spacing, hybrid, and function related parameters. These parameters can also be categorized as 2D and 3D parameters [4, [29] [30] [31] .
In this research, after preliminary investigations based on the nature of the fabrics, six roughness parameters were selected. All of these parameters were studied in the 2D directions (warp and weft directions) and by the 3D approaches. The details of the selected parameters categorized based on the 2D and 3D approaches are explained below. 
2D Amplitude Parameters
The 2D parameters measured in both warp and weft directions were Ra, Rq, Rp, Rv, and Rt. In order to separate the 2D parameters in the warp and weft direction, indexes 1 and 2 were used, respectively.
1) Ra
Average roughness, or Ra, is defined as the arithmetical average of the absolute values of the profile variations from the mean line at a sampling length (lr). Ra is known as the most useful and common parameter to analyze the surface roughness [4, [29] [30] [31] .
Where Z represents a roughness profile, including n elements and Z i is the ith element of Z. Although Ra does not distinguish between profiles of different shapes, it is useful in quality control [4, [29] [30] [31] .
2) R R is defined by the following equation in one sampling length (lr). R has been employed widely by researchers, textile testing textbooks, and the Kawabata system [4, [29] [30] [31] . (3) 3) Rq Rq represents the root mean square deviation of the assessed profile in one sampling length [4, [29] [30] [31] . (4) Rq is more significant than Ra in statistics. It does not distinguish between profiles of different shapes as well as Ra [4, [29] [30] [31] .
4) Rp
The distance between the mean line and the highest point of profile peak is called profile peak height (Zp). Maximum profile peak height (Rp) is defined as the maximum Zp in one sampling length ( Figure 2 ) [4, [29] [30] [31] . 
5) Rv
The distance between the mean line and the deepest point of the profile valley is called the profile valley depth (Zv). The maximum profile valley depth (Rv) is defined as the maximum Zv in one sampling length ( Figure 2) [4, 29-31].
6) Rt
The maximum height of the profile (Rt) is defined as the distance between the highest and lowest points of the profile in one sampling length [4, [29] [30] [31] .
3D Amplitude Parameters
We selected Sa, Sq, S, Sp, Sv, and St as three dimensional parameters which were simply the 3D extensions of the corresponding 2D parameters. 
Where z(j,i) is the ordinate of the point at the jth row and ith column, and nx and ny are the number of points along the two directions [4, [29] [30] [31] .
2) S S is the 3D extension of the R [4, [29] [30] [31] .
3) Sq
The 3D root mean square deviation of the assessed profile or Sq is defined by Eq. (6) [4, [29] [30] [31] . 
5) Sv
Minimum area valley depth (Sv) is the 3D extension of the Rv [4, [29] [30] [31] .
6) St
The maximum area of the profile (St) is defined as the sum of Sp and Sv [4, [29] [30] [31] .
As mentioned earlier, each parameter of the surface roughness profile has its own meaning and special applications. As an illustration, it was shown that Rt, defined as the sum of Rp and Rv in one sampling length, is approximately equal to the structural roughness of the fabric surface. In nonwoven and woven fabrics, Rt changes with construction variations [4, [29] [30] [31] . Table I shows the specifications of the worsted fabrics used in this research. All of the samples were made of wool-polyester (45%-55%). The yarn count was 40/2 Nm in both warp and weft directions. In this study, three weave types including Twill 2/2, Twill 3/1, and Hopsack 2/2 were considered. In each fabric structure, samples were produced with three nominal weft densities of 19, 21, and 23 cm -1 . Therefore, nine groups of the worsted fabrics were prepared. 
EXPERIMENTAL Materials

Sample Preparation
In regards to the aim of this study, roughness and abrasion resistance of the samples were measured. The dimensions of the samples were 4×30 cm 2 and 13.5×13.5 cm 2 for surface roughness and abrasion resistance measurements, respectively. To prevent any unwanted probable rippling and having the same initial conditions for all of the samples, a 70 g pretension was applied to the samples in surface roughness measurements.
Surface Roughness Measurement
Surface roughness was measured by a non-contact technique. The experimental setup worked based on triangulated laser technology with an accuracy of five microns. The setup was equipped with a computer controllable X-Y table with an accuracy of 0.08 mm per step displacement. Figure 3 shows the configuration of the equipment.
A comprehensive program using Visual Basic 6 was developed to control and move the X-Y table according to the user requirements and import the collected data from A/D and save for further analysis. Sampling length was chosen to be 6 mm in X and Y directions with a step of 0.08 mm. Sampling length is the distance through which the laser profile traced the fabric surface. An average of ten points was used as the reported measured value for each of the profile points in order to increase accuracy. For each group of fabrics, five samples were examined and the average result was considered. An advanced mathematical method based on MATLAB 7 was developed to extract the surface profile of the fabrics. In the first step, the program fitted a curve to the data with the minimum least square approach to remove the probable inclination and slope of the surface.
In the second step, a suitable electrical filter was applied in order to extract the fabric surface profile. There were many filters, each being appropriate for certain types of surfaces with positive points and limitations [4, 29] . Six filters were chosen, including Gaussian, Gaussian Regression, Robust Gaussian Regression, Rk (Gaussian), Spline and Robust Spline. By comparing the performance of the selected filters and considering the texture of the fabrics, the ZeroOrder Gaussian Regression filter was chosen. The reasons for choosing this filter include: (1) it was capable of overcoming edge distortions, (2) it had an advantage when measuring short traces where edge data could not be discarded, (3) since samples were fixed on a flat surface there was no need for the filter to be capable of handling large forms, (4) there were not outliers in the fabric surface profile, (5) it was computationally efficient with reasonable running time. In implementation of the filter, there was a cutoff value for data separation and extraction of the surface roughness profile. After examination of different cutoffs, a value of 0.04 mm was found to be appropriate. In the final stage and after extracting the surface profile data, the mentioned roughness parameters were calculated. Figure 4 and Figure 5 show the graphical output of the program for two different weave types, including the surface profiles, roughness profiles, and discarded parts. 
Abrasion Tests
All fabrics were tested with a Taber abrader for the number of cycles (rubs) necessary to produce any two broken yarns in the fabric in accordance to ASTM D3884. An average of five tests was used as the test result for each sample group.
RESULT AND DISCUSSION
This work aimed at the study of surface roughness and the influence of surface roughness on abrasion resistance of the worsted fabrics. The former is described in detail in the section titled "(a) Surface Roughness Analysis". The latter is explained in detail in the section titled "(b) Studying the Effect of Surface Roughness on Abrasion Resistance". The performed analysis of variance (ANOVA) revealed that the effect of weave type was significant on the 2D and 3D surface roughness parameters at a 95% confidence level. Results revealed that samples with a weave of Twill 3/1 had the highest roughness parameters (2D and 3D) in each group with the same weft density. Twill 3/1 had the longest floating yarns in the warp direction in comparison with the other two weaves in a constant weft density. Having longer floating yarns increased the surface irregularities which could be interpreted as increased surface roughness parameters.
(a) Surface Roughness Analysis
The performed analysis of variance (ANOVA) showed that the effect of weft density was significant on the 2D and 3D surface roughness parameters at a 95% confidence level. It was observed that by increasing the weft density in each selected weave category, there was a reduction in the fabric roughness parameters or surface irregularities (2D and 3D). Increase in the fabric density made the fabric smoother and tighter which led to a decrease in the surface roughness parameters.
Analyzing the surface roughness parameters in the nine different groups of worsted fabrics revealed that although both 2D and 3D surface roughness parameters could be used to quantify the surface irregularities of the worsted fabrics, the 3D parameters provided the surface roughness with just one number in comparison with 2D ones (warp and weft directions). Therefore, they could provide a better indication of the surface roughness. Indeed, one usually predicts the roughness with one expression by touching it. This expression could later be quantified with one number obtained from the 3D parameters. This study introduced an effective novel method for the surface roughness profile extraction and introduced an evaluation of roughness parameters not only in the warp and weft directions (2D) but also in a 3D way in order to quantify the surface roughness by only reporting a single value for the entire surface.
(b) Studying the Effect of Surface Roughness on Abrasion Resistance
In order to study the influence of surface roughness on abrasion resistance of the worsted fabrics, abrasion tests were done on all of the samples by using the Taber abrader.
There is a relative rotational movement between the fabric surface and the abrader in the Taber tester. Therefore, abrasion resistance of the fabrics did not depend only on the 2D surface roughness parameters in the warp or weft directions. Indeed, the abrasion resistance was a function of both the 2D roughness parameters in the warp and weft directions. As a result, only the 3D parameters could be used to study the influence of surface roughness on abrasion resistance. (Table II) . Since Hopsack 2/2 had a tighter structure, it had more surface uniformity. Therefore, Hopsack 2/2 always had more abrasion resistance than Twill 2/2. Results showed that there were strong linear correlations (more than 80%) between the abrasion resistance and Sa and St. There was no significant correlation between the abrasion resistance and values of the Sq, Sp, Sv, and S. It was observed that an increase in the amount of weft density in each selected weave category made the fabric smoother and tighter (a decrease in surface irregularities) which led to an increase in the abrasion resistance of fabrics.
CONCLUSION
This work aimed at study of surface roughness and the influence of surface roughness on abrasion resistance of worsted fabrics. Nine different groups of worsted fabrics including three weft densities (19, 21 and 23 cm -1 ) and three structures (Twill 2/2, Twill 3/1 and Hopsack 2/2) were produced. An accurate non-contact laser based system was developed to scan the surface of the fabrics. An efficient mathematical method was presented to assess the surface roughness of textiles. Six surface roughness parameters were calculated in both 2D and 3D approaches. This work attempted to provide a better understanding about various roughness parameters each of which has its own meaning and special applications.
Results showed that the effect of weave type and weft density was significant on all of the 2D and 3D surface roughness parameters at a confidence range of 95%. However, the 3D parameters provided the surface roughness with just one number in comparison with the 2D ones (warp and weft directions). Therefore, the 3D parameters provided a better indication of the surface roughness. In this research, it was found that there was a strong linear correlation (more than 91%) between the abrasion resistance and the 3D roughness parameters including Sa, Sq, Sv, and S. There was also a strong linear correlation (more than 80%) between abrasion resistance and Sa and St.
The novelty of this work was to introduce an effective method for the surface roughness profile extraction and evaluation of roughness parameters not only in warp and weft directions (2D) but also in a 3D approach.
